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RESEARCH MEMORANDUM

THE INTERRELATED EFFECTS OF ENGINE ROTOR MOMENTUM AND FLIGHT
REGIME ON THE DYNAMIC STABILITY OF HIGH-PERFORMANCE AIRCRAFTL

By Warren J. North

SUMMARY

A filve-degree-of-freedom analysis of aircraft maneuvering stability
showed that gyroscopic moments due to engine rotor momentum produced
considerable aireraft rolling asymetry for certalin values of stablility
derivatives and flight conditions.

Because of 1t8 powerful effect on inertia-coupling and effective dihe-
dral, the most important consideration was the initial angle of attack.
Critical reductions in dynamic stability were caused by variations of
stability dexrlvatives with angle of attack.

At high altitudes and Mach numbers the effective dihedral due to
swept wings and large.dorsal fin caused oscillations which were eilther
divergent or lightly damped. The periods of oscillations encourtered at
high altitude are of the same order of magnitude as pllot reaction time.
It appears, therefore, that artificis]l damping must be incorporated in
many high-performance alrcraft.

INTRODUCTTON

The stability of rolling alrcraft has become a critical design and
operational consideration wlth the advent of supersonic, high-altitude
aircraft. As predicted in reference 1, concentration of weight in the
long fuselage and reduced aerodynemic restoring moments at high altitude
have caused inertis-coupled rolling dlvergence in scmne cases or have in-
creased aircraft yaw and pltch during roll to & point where structural
redesign has been required. Flight experiences with roll-coupling are
discussed in references 2 and 3. Anslog camputer studies of transonic
rolling stability are given in references 3 and 4.

1The information presented herein was offered as & thesis Iin partiel fulfill-
ment of the requirements for the degree of Master of Aeronautical Engineering,
Princeton University, Princeton, New Jersey, December, 1956.
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Since the trend in supersonic aircraft design is toward thin wings
of short span, most of the alrcraft and fuel weight is concentrated
along the fuselage. Therefore, during & rapld rolling maneuver the air-
plane tends to rotate about its Pprincipal longitudinal axis rather than
the wind axis. The first 90° of roll translates the initial angle of
attack into & sideslip, the magnitude of sidesalip depending on Mach num-~
ber, directional stabllity, altltude, and rate of roll. The cross~
coupling aerodynamic, inertia, and elastic terms then camplicate the
maneuver and require a theoretical analog which involves all the air-
plane degrees of freedom,

The ratlio of engine thrust to alrplane welght is increasing as sir-
plane design speeds increase; turbojet engines designed for very high
altitudes will need large cross-sectional areas to handle sufficient
mess flow; vertical-tekeoff aircraft need large thrust-to-weilght ratios
and willl operate at alrspeeds corresponding to near-zero serodynamic
forces and moments. In light of these trends, the engine rotor gyro-
scopic moment will become a more important dynamic stebility parsmeter,
since, in general, the rotor momentum will increase as engines incresse
in size and thrust.

In references 1, 5, and 6, the assumption of steady rolling was
made in order to linearlze the equations of motion. Reference 5 extends
the theory of reference 1 to show the effect of engine rotor mamentum on
steady-rolling stability. Reference 6 also extends the theory of refer-
ence 1 and demonstrates how the transients in angle of attack and side-
slip can be epproximaeted using the steady-rolling assumption. During a
supersonic tactical maneuver the rolling velocity will probably be a
continual transient since there wlll be & few instances when it will be
necessary to roll rapidly to asngles greater than 180°. This report
analyzes the transient airplane response during a half-roll maneuver
for a wide range of Mach number and shows the effects of varistions in
engine rotor momentum, Mach number, altitude, static stability, and
load factor.

The baslc airplane chosen for this theoretical investigation was a
supersonic interceptor with highly swept delta wing and tall surfaces.

SYMBOLS
b wing span, ft
Cp drag coefficient, drag/qoS
Cy, 1ift coefficient, 1ift/q S
CZ rolling-moment coefficient, rolling moment/qoSb
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u,v,w

pltching-moment coefficient, M/QOSE
yawing-moment coefficient, N/QOSb
lateral-force coefficient, lateral force/qoS

wing mean aerodynamic chord, ft

forces with respect to Y and Z axes, 1b

acceleration due to gravity, ft/sec2

moments of lnertia about X, ¥, and Z principal axes, slug-
sq £t

mcment of inertia of engine rotatlng parts about X axis,
slug-sq Tt

stabilizer deflection, deg
Incidence of symmetrical-airfoil wing, deg

rolling moment, £4-1b
pitching moment, ft-1b

mass of sirplane, W/g, slug
yawing moment, f£t-1b

rolling velocity, radian/sec
critical roll rate, radian/sec

engine rotor angular velocity, radian/sec

pitching velocity, radian/sec
dynamic pressure, lb/sq £t
yawing velocity, radian/sec
wing area, sq £t

camponents of velocity V along X, Y, Z principal axes,
ft/sec
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v velocity, ft/sec

W alrplene weight, 1b

X,Y,Z2 sairplane principal axes

a angle of attack of principal X axis, deg

o, o + &, serodynamic angle of attack, deg

B angle of sideslip, deg

sa,ar alleron and rudder deflegtion, regpectively, deg

& inclination of body axis above positive X axis, deg
6 Euler elevatlon angle of positive X axis, deg

o] Buler roll angle, deg

¥ Euler yaw angle, deg

Superscript:

derivative with respect to time

Stabllity derivatives:

Cp, =

acy,
Sa

3¢,
3Ly
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PROCEDURE

The motlon of a rigid slrplane can be completely described by
eight differential equations which represent the six degrees of freedom
and involve conversion from Euler angulsar velocities to angular veloci-
tlies of principal axes. The lnitial time history of a rolling maneuver
can be represented satisfactorily by seven equations if the airplane
veloclty is assumed nearly constant during these first few seconds of
the maneuver. The Mach number will decresse slightly due to the com-~
pound effect of greater induced drag and decreased engine thrust associ.-
ated with inlet flow distortion. However, this Mech nmumber change can
be neglected if the airplane is not opersting at or just ebove the tran-
sonic range where there is a rapid variation of aserodynamic coefficients
with Mach number. The remeining seven equations are derived in appendix
A. The equations are written in terms of the principal axes; therefore,
the product of inertia terms do not appear in the moment equations.

When the equations of motion are referred to principel axes, air-
plane drag might be expected to be an lmportant stability consideration,
especlally at the low 1lift-drag ratios associated with supersonic flight.
Calculations were made with and without the drag terms in the equations
for lift and side force. The only significant effect of drag was a
slight demping of the extremely large angle-of-gttack excursions.

The static stability derivatives for a typical supersonic inter-
ceptor were obtained from wind tunnel tests or Mach number extrapoletions
thereof. Damping derivative components due to the telil surfaces were
calculated from static derivatives, whereas wing and fuselage damping
components were obtained from theory. Aerocelastic motions were not
treated as additicnal degrees of freedom but in this analysis were con-
sldered as fixed corrections to the stablility derivatives. Since wind
tunnel balences obtain some forces and momente in terms of wind or sta-
bllity axes, the serodynamic derivatives were transferred to the princi-
pal axes where necessary. Four of the derivatives were considered func-
tions of angle of attack. The stability derivatives and drag coefficients
for the basic airplane are shown in table I. Airplane dimensional and
mess constants are shown in table IX.

The amount of englne rotor momentum used in this analysis was con-
sldered to be the meximum for the assumed sircraft size and performance
capabilities.

Machine Camputation
In the interest of accuracy and in order 1o include many nonlinear

derivatives and functlons, the IBM 650 diglital computer was used. A
picture of the dual machine setup at the NACA lLewls lsboratory is shown

¥6CY
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in figure 1. The Runge-Kutta method of numerical integration was se-
lected. With arn integration step size of 0.04 second, 2 hours of machine
time were required to compute and card-punch the time history of = 6-
second maneuver. The cards were tabuleted and slso read into an auto-
matic curve-plotting machine.

Control Input

The aileron deflection was programmed independently as shown in
appendix B. Deflection was dependent on roll angle to the extent that
roll position determined the point at which aileron neutralization begen.
For each reference run (zero engine rotor momentum) a trisl-and-error
procedure was used whereby duration of ailleron deflection and smount of
reverse aileron were chosen in order to roll to approximately 180° as
repidly as possible.

During the initial stages of the investigation an attempt was made
to maintain roll angle with corrective aileron after the desired roll
angle was attained. This corrective alleron deflection was attempted
using various camblingstions of roll veloeity, roll acceleration, and roll
position as controlling paremeters. A pilot reaction time of 0.24 second
was assumed. The results showed that in most cases thlis pilot analog was
sufficiently out of phase with the maneuver so as to aggravate the error
in roll angle. In addition, under extreme angle of attack, effective
alleron reversal existed, and the situstion was agein aggraveted when
corrective alleron was programmed, Conseguently, in order to provide a
comparison during left and right rolls 1n which engine rotor momentum
was the only asymmetry, the allerons were programmed neutral subsequent
to the reversal deflection.

Several rolling maneuvers were continued to angles greater than 180°
in an attempt to compare divergence tendencies with the steady-roll
theory of reference 1.

At the higher values of dynamic pressure, aileron deflection may be
limited by large aileron forces and hinge moments. However, for the
purpose of this report, momentary full deflection was programmed at all
flight conditions.

Although the initial value of stabilizer position was dependent on
flight condition, the stabilizer position was maintained constant
throughout each maneuver. Zero rudder deflection was maintained for all
maneuvers. ’
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RESULTS AND DISCUSSION

Airplane dynamlc behavior during rolling maneuvers is complicated
by variations of flight parameters and interreletions thereof. There-
fore, when discussing the effect of 2 single parameter such as engine
rotor momentum on alrcraft dynamic stablility, the corresponding flight
conditions and stability psrameters must be specified.

This report attempts to show flrst the effects of rotor momentum
asgociated with changes of altitude, Mach number, and initial load
factor. Then, for cdases where the effect of rotor momentum wes most
significant, same of the stabllity parameters were varied in order to
determine specific combinations of filght conditions and stebility param-
eters for whilich the effect of rotor momentum was most critlcal.

Aeroelastic effects are concealed in Mach number and altitude ef-
fects. Fligure 2 shows that equal dynamic pressures of 1300 pounds per
square foot exist at Mach numbers of 1.7 and 3.5 and altitudes of 30,000
and 60,000 feet, respectively. At this dymamic pressure, reductions of
10 to 60 percent in static stabllity and control effectliveness are caused
by aerocelastic deformation. The effect of aerocelasticity on the sta-
bility derivatives can be seen in table I.

Altitude Effects

Half-roll meneuvers were calculated for sltitudes of 30,000 and
60,000 feet at a common Mach number of 1.5. The initisl load factor
was 1 g. The meneuver time histories at 30,000 feet are shown for left
roll without rotor momentum and for left and right rolls with rotor mo-
mentum in figures 3, 4, and 5, respectively. There was little varia-
tion in maximum angle of attack or sideslip for variatiogs in rotor mo-

1

mentum, The maximum excursion in angle of attack was 35 ; and maximum

o
sideslip was —2% . At 60,000 feet (fig. 6) a half-roll maneuver caused

a maximum excursion in angle of attack of 8.8° and sideslip of -6.8°.
Left roll {fig. 7) with engine momentum resulted in slightly higher val-
ues of angle of attack and sideslip, while right roll (fig. 8) was ac-
companied by slightly lower values., Similar engine effect trends would
be expected from the steady-roll theory of reference 5. Although the
engine momentum hed a small effect on the maneuver at both altitudes,
the varistion was scmewhat grester at the higher altitude. Since the
magnitude of maximum roll rate was 4.5 radlans per second at the lower
altitude as compared with 1.6 at the higher altitude, 1t appears that
the ro0ll rate had lesser effect on angle of attack and sideslip than
did altitude., The altitude effect was largely due to reduction of dy-
namlc pressure which caused an increase in initial inclination of the

' PP
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principal axis from 3° to0 9.3°. The reduction of roll rate with in-
creased altitude is due to reduction in dynamic pressure, reduction in
aileron effectiveness at high angles of attack, and strong dihedral ef-
fect (positive rolling moment due to negative sideslip). In fact, at
the higher altitude (fig. 6) the magnitude of rolling velocity de-
creased to zero at 2 seconds although full alleron was applied. Note
also that angle of attack had increased to 13° and angle of sideslip was
negative. Since dihedral effect also increases with angle of attack for
a swept midwing configuratlion, increasing angle of attack has & campdund
effect on reduction of rolling velocity.

Mach Number Effects

The effect of supersonic Mach number on & half-roll maneuver can
be determined by comparing figures 6 (Mach mumber, 1.5) and 9 (Mach
number, 3.5). Both figures represent 60,000 feet and level flight. At
the higher Mach number the aircraft responded much more repidly to ai-
leron input since angle of sttack was small and dynamic pressure was
high. The small excursions in angles of attack and sideslip at the
higher Mach number are due to small initial inclination of the principal
exis and large restoring moments. Although the excursions of angles of
attack and sideslip were smaller at Mach number 3.5, the increments of
normal and lateral accelerations were greater because of a five-fold in-
crease in dynamic pressure. At 1 second, during the high-speed maneuver,
the angle of attack and corresponding airplane normasl acceleration became
negative. The negative acceleration sensed by the pilot would be sug-
mented by e negative increment because of his position above the roll axis.
From the pilot's viewpolnt this negative acceleration, coupled with the
higher normal and lateral accelerations, would make the high-speed
maneuver less tolerable.

It is interesting to note that the period of oscillation in side-
slip is essentially the same at both Mach numbers. This is probably due
to the reduction in directionsl stability at the higher Mach number.

The inclusion of engine rotor momentum had no significant effect on the
maneuver at Mach number 3.5.

Initial Load Factor

From the standpoint of inertia-coupling, variation of initisl load
factor is synonymous with variation of the principal axis inclination.
Figures 10, 9, and 11 show calculated half-roll maneuvers at a Mach
number of 3.5 and an altitude of 60,000 feet for initial load factors
of 0, 1, and 2, respectively. The corresponding initial inclinations
of the principal axis were lo, 40, and 7.3°. At zero g initial condi-
tion (fig. 10), the maximum roll velocity exceeded 5 radians per second
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magnitude, but primarily because the principal axis was essentislly
alined with the flight path during the maneuver, there was little vari-
ation in angles of attack and sideslip as the airplane rolled. The ab-
sence of yeswing moment due to alleron deflection alded in permitting
this extremely stable rolling condition. At 1 g initiasl condition
(fig. 9) 1t has been observed previously that there was a moderate os-
cillation, but the variation in angles of attack and sideslip were
within allowable limits. At 2 g initial condition (fig. 11) large os-
cillations are noted in sideslip and roll, which were triggered by
inertia-coupling and maintained by strong effective dihedral coupling.
Angle of attack increased beyond the allowable value corresponding to

7 g maximum alrplane loed factor. Filgures 12 and 13 present left- and
and right-roll meneuvers at 2 g's with the engline rotor mamentum in-
cluded. It can be noted that variations in angles of attack and side-~
slip are increased slightly in left rolls and retarded in right rolls.

Increased load factor was not as criltical at lower dynamic pres-
sures. At low pressures an increase in losd factor required large angles
of attack. At high angles of attack the effective dihedral counteracted
much of the alleron rolling moment so that high roll rates became more
difficult to attain.

Effective Dihedral C;B

It has been previously noted that the basic airplane confliguration
exhibited strong positive dihedral effect. Flgure 14 shows & half-roll
maneuver with zero effective dihedral at a Mach number of 1.5 and an
altitude of 60,000 feet. Zero engine rotor momentum was assumed during
this maneuver. Zero effective dlhedral might be reallized with a low
straight-wing installation incorporating a wventral fin in addition %o
the conventional dorsel fin. Negative wing dihedrsl would slso tend to
off'set the yaw-induced rolling moment due to dorsal fin or angle of
attack. As noted in figure 14, the initial angle of attack was trans-
lated into negative sideslip during the first 90° of roll. Positive
directional stability would normelly decrease sideslip, but the com-
bined effect of inertia-coupling and decreasing directional stability
caused the motion to diverge in slideslip, reaching -30° at 3.9 seconds.
The directional stability decreased because of increasing angle of at-
tack. Figures 15 and 18 show left end right rolls with the inclusion of
rotor momentum. If the alrplane equations of motion are analyzed, it can
be noted that the following englne rotor momentum terms are added o0 the
pitch and yaw equations, respectively:

IXePe IXePe
Iy 7 Iz

q
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At time subsequent to 2.4 seconds (fig. 15) the positive pitching ve-
locity causes an engine-induced positive yawing moment which accelerated
the divergence in sideslip. The sideslip reached a magnitude of 30° in
3.5 seconds in this left-roll maneuver. During the right roll (fig. 16)
different phase relations are found between pilitching and yawing veloc-
ities. As & consequence, the rotor couple differs from that for the
left roll and tends to stabllize the maneuver., Although not as pro-
nounced, similar dynamic tendencies were found at a Mach number of 0,85
apd an altitude of 30,000 feet when the dihedral effect was zero. In
comparing figure 14 with figure 6, the omission of effective dihedral
uncouples the aerodynamic forces such that rolling velocity is not im-
peded and also has a destabilizing effect, since sideslip is not bled
off in roll. Adrcraft stabilization due to positive effective dihedrsl
is shown in figure 11. This run represents a Mach number of 3,5 for
which directional stability was very low and decreased to zero at an
angle of attack of 7°. Although the angle of attack during a majority
of the run was greater than 79, the airplane did not diverge in side-
slip but developed a Dutch-roll-type oscillation with coupling in roll
and sideslip.

Stetic Stability Cp , Cp g and Gy
[¢2

An importent drag comslderation for aircraft which operate over a
wide range of Mach numbers is the large trim drag due to high longltudi-
nal stabllity at low supersonic Mach numbers. In-flight reduction of
longitudinal stability would therefore be desirable. One way of reduc-
ing longitudinel stebility in flight would be by fuel transfer. Figure
17 shows the airplane response to alleron roll in level flight at & Mach
number of 1.5 and an altitude of 60,000 feet with longitudinal stablility
reduced by a factor of 10. By comparing flgures 17 and 6 the initisl
effect of the reduced stabllity is seen to reduce the angle of attack
to lower values during the initial roll transient. The lower angle of
attack permitted greater aileron effectiveness, which created a faster
roll and & sharper recovery. The subsequent coupling in roll and yaw
caused a severe slowly damped oscillation. Angle of attack slowly di-
verged during the maneuver reaching 33° at 6 seconds. Note that the
period of the small superimposed oscillation in angle of attack was cne-
half that in yaw and roll. The periods of the oscillations decreased
considerably during this brief maneuver. The slow divergence in angle
of attack was, in part, due to the increase in pitching mament with
sideslip quz' Figure 18 shows that the omission of GmBZ stabilizes

the maneuver,

Reference 1 indicates that for steady-rolling maneuvers the critical
roll rates above which the alrcraft would exhibit divergence in engles of
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attack or sldeslip can be calculated. These critical roll rates are

the natural frequencies of the independent longitudinal and lateral
modes, However, reference l shows that an aircraft should never diverge
in a steady-rolling meneuver if the critical roll rates in pitch and

yaw are ldentical. The permissible difference between the itwo critical
rates is shown to increase with damping in pitch and yaw. The critical
roll rates for the basic configuration are shown in table III. Since d4di-
rectional steblility was dependent on angle of attack, the value of direc-
tional stability used in these critical roll calculatione corresponded to
the steady-state angle of attack prior to aileron deflection. For the
original stability levels used in figures 7 and 8, level flight, a Mach
number of 1.5, and an altitude of 60,000 feet, the corresponding critical
roll rates in pitch are -1.68 and 1.80 radians per second, respectively,
for left and right rolls with rotor momentum. The critical roll rstes in
pitch and yaw are nearly equal. Although peak roll rates slightly exceed
the calculeted critical values for the reference airplane, average roll
rates were considerebly lower and the convergent oscillastion might have
been anticipated from steady-rolling divergence theory. The critical roll
rates in pitch were reduced to -0.53 and 0.57 radian per second when lon-
gitudinal stebility was reduced by a factor of 10 (figs. 19 and 20). The
maximm roll rates during the initilal roll exceed the critical rates by
a factor of four, yet this portion of the maneuver did not exhibit a
divergence. The slow divergence in angle of attack occurred afted the
aileron. was neutralilzed.,

Figures 21, 22, and 23 show airplane behavior whern both directional
and longitudinal stebility were reduced to low values. The pitching and
yawing critical roll velocitles were chosen equal. Again the roll rate
during the initial portion of the run exceeded the critical retes by a
factor of four. Recovery from the roll caused divergent oscillations in
yvaw and pltch and & divergent increase 1n angle of attack. The diver-
gence was more severe than that assoclated with unequal static stablli-
tles. The effects of rotor momentum were small but similar to previocusly
mentioned trends.

Roll Velocity

Figures 24, 25, and 26 show the time histories of rolling maneuvers
in which sileron deflection was msintasined until high rates of roll were
realized. These runs were made at a Mach number of 3,5 and an altitude
of 60,000 feet., The lnitial values of normel acceleration were the same
as those of the previous section Initial Icsd Factor. It 1s noted that
for zero g (figs. 10 and 24} there is little varietion in esngles of
attack and sideslip for roll rates of 5 and 10 radians per second. At
1 g initial acceleration (figs. 9 and 25) the variation in angles of

5347
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attack and sideslip incredsed slightly as maximum roll rate increased
from 5.2 to 9.5 radians per second. At 2 g initial acceleration (figs.
11 and 26) the amplitude of angles of attack and sideslip increased to
divergence as roll veloclty was incressed from a magnitude of 4.3 to
8.4 radians per second but then became stable as roll velocity was in-
creased to 12.5. Apparently the extremely high rolling velocity had a
spin-stabilizing effect on the alrplane., It is also noted in figure 26
that the largest varietions in angles of attack and sideslip occurred
after the aileron was neutralized. In every case mentloned previously
the maximum roll rate exceeded the critical roll rate. Although the
calculated critical values may be used as an approximste criteria for
divergence, it appears that, for the transient-type rolling maneuver
considered herein, initial inclination of the principal longitudinal
axis will be the Importent consideration. '

Camparison with Simplified Longitudinal- and Iateral-Mode Theory

The independent longltudinal and lateral modes were calculated by
the linear small-disturbance theory. All stability derivetives were
assumed constant and were based on angle of attack at the beginning of
the maneuver. The independent modes can be compared with the computed
motions subsequent to the half roll when the alilerons were returned to
neutral.

The longitudinsl equations conslsted of only the 1ift and pitch
equations since airplane velocity was assumed constant, The resulting
quadratic equation might be expected %o give two Imagingry roots repre-
senting a short-period oscillation. However, for all the flight condi-
tlons itemized in table I, the longitudinal quadratic gave two real
roots representing two aperliodic modes, one with a fast convergence and
one with a weak convergence. The five-~degree-of-freedom analysis for
Mach number 3.5 (fig. 11) showed a slow oscillation in angle of attack
with a faster oscillation superimposed. The oscillations were probably
due to the inertis- and serodynamic-coupling caused by rolling velocity.
These disturbing forces were neglected in the linear solution for the
longitudinal mode.

Calculations of the lateral mode were made for two Mach number con-
ditions at an eltitude of 60,000 feet. The linearized side force, roll,
and yaw equations were cambined to form a quartic from which four roots
were extrected. PFor each of the two cases investigated the quartic
ylelded two real roots and two imaginary roots. In each case, the real
roots represented a slow divergence and a slow convergence. At Mach
number 1.5 the imaginary roots indicate an oscillation with a 4-second

period which damps to half-amplitude in 2% seconds. At Mach number 3.5

the lateral-mode theory predicts a period of 8 seconds which is damped
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to half-amplitude in 1 second. At Mach numbers of 1.5 and 3.5 (figs. 6
and 11) the five-degree-of-freedam analysis shows periods which are
smaller by factors of 3 and 8, respectively. The actual dsmping of the
oscillaticns varies during the meneuver consldered. The divergences

in some of the motlons would not be predicted by linear theory, because
the destabilizing paremeters such as initial inclination of principal
axis, nonlinear derlvatives, and inertia-coupling are not considered
in the linearized theory.

Because of the many simplifications which are made in the linear
theory, it is not surprising that there is poor agreement between this
and the machine-computed results. This disagreement stresses the need
for at least five-degree-of-freedom calculations when computing the
translent dynamics of high-altitude, high-performance aircraft.

CONCLUDING REMARKS

A theoreticel analysis of dynamic stability for high-performance
alrcraft showed that seversl combinations of flight parameters caused
divergence or large oscillations in angles of attack and sldeslip as a
result of a half-roll maneuver. The initial inclination of the prineci-
pal longltudinsl axis was the most critical conslideration. There were
no roll-induced osclllations when the initial load factor was zero, that
is, when the principal longitudinal axis was nearly alined with the
flight path. .

In one supersonic right-roll maneuver at low dynamic pressure the
addition of engine rotor momentum caused gyroscoplic moments sufficlent
to stabllize & divergence. However, inclusion of the rotor momentum
during left roll aggraveted the divergence. The corresponding airplane
configuration possessed zero effective dihedral, This ig an important
stabilityconsideration because low values of effective dihedral may be
prevalent in future supersonic airplanes. The addition of a ventral
fin, negative wing dihedrsl, or the incorporation of a straight wing
would reduce ailrplane effective dihedrxral. The use of a ventral fin may
be required to offset the decrease in supersonic directional stability
agsoclated with the dorsal fin at increasing angles of attack.

FPor most configurations and flight regimes investigated the inclu-
slon of engine rotor momentum caused larger osclllations during left
roll than during right roll. This gasymmetric roll response will re-
quire different pilot techniques dependent on roll direction.

An important consideration when camputing dynamic stability is the
varlation of stebility derivatives wilth angle of attack. Increasing
angle of attack can cause reductions or reversals in aileron effective-
ness, yaw due to roll, and directional staeblility. It also has a

1 251%
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powerful effect on swept-wlng effective dihedral. These angle-of-
attack effects can cause dynamic instability and verietions in freguency
of the oscillatory motions.

When using electronic camputers to compute aircraft maneuvering
stability, divergences and oscillations should be assessed in terms of
pilot controllability. As in the cases of the classical phugoid and
spiral modes, which were often divergent but controllable, scme of the
supersonlc roll-coupled instebillities mgy be controllable, ZFor the air-
plane configuration considered bherein, the fast lateral oscillations,
primarily of the Dutch-roll type, would be difficult to control. How-
ever, the large angles of attack usually resulted fram slower pitching
motions which would be easier to control. Assuming that pitch control
was feasible, the angle of attack should not become excessive and the
emplitudes of the angle-of-attack-dependent lateral motions should be
reduced. Since the critical motions occurred after recovery from the
initial roll, pilot judgment and control would not be affected by the
radial acceleration associated with rapid rolling, which occurs during
the initial portion of the maneuver.

From the standpoint of pilot technique, maneuvering divergences and
osclllations can be decreased by performing the roll portion of the
maneuver at reduced load factor. This technique may retard slightly the
desired change in flight path direction. However, in the case of an in-
terceptor, the absence of subsequent roll-coupled oscillations would
permit a more stable gun or missile-~-launching platform. The sbove pro-
cedure would not be gpplicable if the principal longitudinal axis were
considerably below the body axis.

The incorporation of large positive effective dlhedral caused
severe roll-snd-yaw coupled oscillations which were elther divergent or
lightly damped. Since the periods of the oscillations were of the same
order of magnitude as pillot reaction time, it appears that artificisl
demping must be incorporated on meny high-altitude, high-speed aircraft.

Poor correlation of results with simplified linear longitudinal-
and leteral-mode theory stresses the need for at least five-degree-of-
freedom calculations when computing the transient dynamics of high-
altitude, high-performance aircraft.

Lewls Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, February 11, 1957
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APPENDIX A

DERIVATION OF EQUATIONS
Principael Axis System

The relation of the airplane axes with the velocity and gravity
vectors is shown in the following sketch:

Body axis

Principal axis \‘
Z

Jieht vingf
- ¢
& \L\
7 :

e

14384
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Bquations of Motion

Velocity components:

u=YVYcos o coe B

v =Vsin B '§'=Vf.3cosf3
w=Vsina w = V& cos o
<
% Iift equation:
F = -m(w - +
Zinertia m(w ud v?)

= -mV& cos o + mVg cos o cos B - mVp sin B

FZgravi‘by = mg cos @ cos @

R = =-C cos o ~ C Scosa-C sin «
200 LdoS cos Ly 30° ¢os D05

o U5

Equating ZFy = O and solving for &:

. sin B cos 6 cos ¢ oS 958 95 gin a
@=q cos B-p To a.'l_% cos @ mvV CLQ,GL-mV CIﬂ_tit'cD mV cos «
(A1)
Side force:
FY = —m(“;‘ - wp + u.r)
inertia
= -mV’é cos B + mVp sin o - mVr cos a cos B
B = sin cos €
Yg:r.'a,vi'l:y' ne ¢
b
FYpero = L05CypP + 908 77 Cy, ¥ - CpaoS sin B
S
C i o 8ina g sin ® cos 6 9o° gin B
B =P oS p - T cosaty cos B - Cp Z¥ Cos B
s Cy B Sb

mV cos B * vaz OYI- cos B
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Rolling moment:

Inertis = -PIX + ar(Iy - Iz)

ag8h2 3’
Igeroc = %Sbclﬁ 5 + -5 v CZ P + - Cz r + qoSbC-LBB
2 2
. Iy -Iz a4 4GS agSh 3k
Lp = T qr + IX Czsaaa + W CZPP + VI Cz T b — CZBB
(A3)
Pitching moment:
Minertis = ~4Ty + pv(Iz - Ix) - Ix Per
qoS"2 qo 52
Yaero = 25Cn o1, + 1050y, it Cth Cm&+qoS€CmB

I .
. Iy - Iy X Pe q,S¢

,-,q=——Iy-——pr- I! r + II %@L+%Cmitit+

qOS" 2 q,oS" 2 g,S¢

Iy Cmqq Iy Cy&

(A4)

Yewing moment:

Ninertia = -#Iz + (Ix - Iy)Pa + IX_Ped

2 2
3 q.5b q9,8b
Na.ero = q_OSanBﬁ + - Cnrr + =7 CIJPP + qOSansaaa + quCnarsr
. Ix - Iy Ix Pe qoSb qOSbZ
ST =Pt q + anB'l' Cnpr +
Z I Iz
2
q,8b q.Sh qoSb
— — A5
2Vig, Cnpp *t 5 Cnsasa. * Iz Cnarsr (A5)

VoRF
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Conversion of Angulgr Velocitlies fram Principal to Buler Axes

The order of rotation of the axlis system is shown in the following
sketech:

In order to keep the gravity force properly oriented during & maneu-
ver, the relstion between the velocities of the Fulerian and principal
body axes must be determined. If an alrplene is assumed initially in
level flight and then 1s displaced arbitrarily, the displacement can be
considered a succession of three rotationsl veloeclties:

(1) Rotation ¥ ebout Z axis
(2) Rotation & about Y axis

(3) Rotation é about X axis
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The resultant body sngulaer veloclty vectors P, 4, and r are then
considered orthogonal. The body rotational veloclities can be written
in terms of the nonorthogonal Eulerian rotational velocities as follows:

_p=<f>-11'rsin6
q=6coa¢+€fsin¢cose
r =1y cos ¢ cog 6 - O sin ¢

A simultaneous solubtion of the above three equations yields the Bulerian
angular velocities in terms of the body angulax velocities:

ci>=p+q_tanasin¢+rcos¢tan6 (As)
é=q_cos ¢ -1r sind (A7)
. cos ¢ gin ¢
*ﬁrcose"'q'cose

Only equations (A6) and (A7) are required to describe the change in
Eulerian angles which affect the gravitational force, gravity being in-
dependent of ailrplane directionsl sense.

In addition to the five differential equations of motion, equa-
tions (A6) and (A7) were also included in the set which was solved on

the computer.,

125384
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APPENDIX B

AITERON SCHEDULE

The rate of total alleron deflection was chosen as 100° per second
with 428° as maximm deflection:

&, = £100, O (depending on ¢, &) (B1)

A sample left-roll alleron schedule is Lllustrated in the following
sketch:

+3
a,
¥
Sreverse
T { » Time
280

l L]

-8,
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TABLE I. - STABILITY DERIVATIVES AND DRAG COEFFICIENTS

Altitude, Tt 30,000 60,000
Mach number 0.85 1.5 1.5 3.5
Cp, Der deg |0.056 0.0419 0.0508 0.0225
Cr;, per deg |0.0087 0.00508 0.0060 0.00286
Cp, ber deg |-0.00645 -0.00846 -0.0124 ~0.001536
Cp, per deg |-0.01413 -0.00916 ~0.0109 -0.00527
1t
Cp per rad |-£.17 -2.78 -3.22 ~1.45
q
Cm& per rad (-1.69 -0.498 -0.715 -0.557
Cmgp Per deg?|0.00033 0.00033 0.00033 0.00025
Oys per deg |-0.0202 -0.01665 -0.01955 -0.01176
Cy, per rad |1.03 1.08 1.08 0.32
Czp per rad [-0.208 -0,110 -0.1732 ~-0.0585
C;, per rad [0.185 0.117 0,117 0.061
Gy per rad |-0.885 -0.925 -0.925 -0.350
Cnaa per deg (0 0 0 0
C;, per deg |-0.0029 - -0.00275 -  [-0.00275 -~  [-0.0008 -
B 0.00008 af, |0.00015 a7,  |0.00015 o, |0.00002 a,
c per deg [0.001042 - [0,000472 -  {0,00085 - 0.0003 -
tog 5 42 5 o2 5 o2 8 o2
0.302X107° of|0.12x107° af |0.216x107° of|0.294x10~6 of
c per rad |0.045 - 00,0303 - 0.0358 - 0.0292 -
"p 0.0138 oy  |0.0128 oy  [0.0151 o  |0.0063 o,
C,. per deg [0.00635 - 0.00459 - 0,0054 - 0.00L -
B 0.207x10™% o[ 0.141x107% of |0.166%x10™* of|0.00015 af,
(o7, > 0) (a7, > 0) (or,> 0)
c 0.0155 + 0.024 + 0.024 + 0.020 +
D 0.000488 af [0.000415 of [0.000582 af |0.000358 of
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TABLE II. ~ AIRPTANE CONSTANTS

S, sq Tt T 401
m, slug 1,087
b, £t 35.8
T, £t 15
g, deg -1
i,, deg 0
Iy, slug-sq £t 11,000
Iy, Blug-sq £t 345,000
I,, slug-sq Tt : 344,000
Iy Pe, slug-sq ft/sec | 40,000

TABLE ITY, - CRITICAI. ROLL RATES

1
Yaw: Pc = & IY o + Z(IY ~ Ix)

Pitch: p,

1
. (—cmaqosa)z Ix Pe

+
Iy - 1x/ T 2(1 - Ix)

Mach [Altitude,{ Initial]| Critical roll rate,
number| pyx10-3 | load radian/sec
factor Yaw Pitch
Right| Left |Right|Left
0.85 30 1 2,18 | -2,07}1.,52 |=1.40
.85 30 2 1.83 | -1.71|1.52 | =1.40
1.5 30 1 3.37 | -3.25|3,00 |~-2.88
1.5 30 a 3.29 | -3,18]3.00 |-2.88
1.5 60 1 1.64 | -1.52{1.80 |-1.868
1.5 60 2 «65 -.5311.80 |-1.68
3.5 60 1 1.37 |-1.25|1,50 |-1.38
3.5 80 2 .53 -.41{1.50 |-1.38

|

4514
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Dynamlc pressure, g, 1b/s8q ft
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Figure 2. - Variation of dynamlc pressure wlth Mach number and altitude.
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Figure 4. - Left-roll maneuver at Mach number of 1.5, altitude of 30,000

feet, and level flight.

Rotor momentum included.
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